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We report an experimental-computational study of the optical properties of plasma mirrors (PMs) at the
incident laser frequency when irradiated directly at relativistic intensity (1018 < I0 < 10
19 W/cm2) by near-
normally incident (4◦), high-contrast, 30 fs, 800 nm laser pulses. We find that such relativistic PMs are
highly reflective (0.6− 0.8), and focus a significant fraction of reflected light to intensity as large as ∼ 10I0 at
distance f as small ∼ 25µm from the PM, provided that pre-pulses do not exceed 1014 W/cm2 prior to ∼ 20
ps before arrival of the main pulse peak. Particle-in-cell simulations show that focusing results from denting
of the reflecting surface by light pressure combined with relativistic transparency, and that reflectivity and f
can be adjusted by controlling pre-plasma length L over the range 0.5 <∼ L <∼ 3µm. Pump-probe reflectivity
measurements show the PM’s focusing properties evolve on a ps time scale.
I. INTRODUCTION
Plasma mirrors (PMs) have become standard tools for
improving temporal contrast1–5 and spatial profile6 of in-
tense, ultrashort laser pulses. In this application, an ul-
trashort pulse is focused onto a solid1–4 or liquid5 PM
target to peak intensity in the range1–7 1015 < I0 < 10
17
W/cm2 at which only the intense core of the pulse gen-
erates plasma above the critical density, and thus re-
flects efficiently, while unwanted, less intense prepulses
and spatial wings are transmitted. A pulse thus cleaned
by reflection from one or more primary PMs can sub-
sequently be focused to relativistic intensity (I >∼ 1018
W/cm2 for visible or near infrared wavelengths), where
its interaction with a secondary PM can be studied with-
out severely pre-expanding its surface.7,8 Such relativis-
tic PMs generate high-order harmonics in the form of
attosecond bursts,7,8 and even focus those harmonics8
when the light pressure of the incident pulse dents the
PM’s reflecting critical surface. However, attempts to
focus pulses to relativistic intensity at the primary PM
often result in premature hydrodynamic surface expan-
sion and premature generation of overdense plasma.8,9
Recently new applications have emerged that demand
high reflectivity and/or focusing at the fundamental fre-
quency directly from a primary PM for light intensities
in the range 1017 < I0 < 10
19 W/cm2. These include
self-aligned retro-reflection of the transmitted drive pulse
of a laser-plasma accelerator (LPA) onto trailing elec-
trons to produce bright Compton backscatter x-rays,10,11
and coupling such a drive pulse over a short distance
into the second or subsequent stage of a multi-stage
LPA.12,13 In addition, even for studies primarily devoted
to highly nonlinear laser-PM processes such as high-
order harmonic generation,7,8,14,15 vacuum heating,16,17
a)Electronic mail: downer@physics.utexas.edu
hole-boring,18 or relativistic transparency,19 quantitative
characterization of the reflected main pulse is a valuable
diagnostic of its relativistic interaction with the target.20
Here we present an experimental-computational study
of the optical properties of an initially planar PM at the
fundamental frequency when excited directly at relativis-
tic intensity. A small portion of these measurements and
simulations was published previously to support a study
of Compton backscatter x-ray generation,11 and are in-
cluded here for completeness. Here, however, we greatly
expand upon the previously reported measurements and
simulations. Specifically, we present new near- and far-
field measurements of the reflected beam’s focusing prop-
erties, pump-probe measurements of the relativistic PM’s
ultrafast response, and explicit characterization of pre-
pulses and pre-plasma, along with new 2D PIC simula-
tions for a wide range of I0, pre-plasma lengths L and
time delays ∆t after excitation, and a 3D simulation of
relativistic PM focusing. These expanded results reveal
two key properties of these unique relativistic optical ele-
ments. First, their local transient reflectivity reaches val-
ues as high as 80% at I0 up to 6×1018 W/cm2, provided
the incoming pulse impinges at near-normal incidence
and the intensity of its pre-pedestal does not exceed 1014
W/cm2 prior to ∼ 20 ps before its peak. We controlled
the pre-pedestal with optical elements inside the laser
system, rather than upstream PMs, enabling the full am-
plified pulse energy to be focused onto the PM. Second,
the relativistic PM can focus the reflected fundamental
pulse with focal length f as short as 25µm while reflecting
it efficiently, resulting in focused intensity Ifocus as high
as 10I0. Previous work inferred similar f from measure-
ments of the far-field divergence of high-order harmonics
from a relativistic PM,8 but did not characterize the re-
flected fundamental pulse. Here we directly image the
transverse profile of the reflected, focused fundamental
pulse both near to, and far from, the PM. We find that
measured far-field divergence does not accurately predict
focused profile near the PM surface, a consequence of
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2spherical aberration of the concave relativistic PM sur-
face. Tighter focusing may be achievable by fabricating
PMs with pre-curved substrates.21 However, the present
results show that light-induced concavity is alone suffi-
cient to focus within tens of microns and to enhance in-
tensity ten-fold using inexpensive planar foils. Moreover,
adjustment of intensity and pre-pedestal of the incident
pulse can control the PM’s focusing properties.
Section II describes the experimental setup for four
types of PM measurements: time- and space-resolved
reflectivity, time-integrated and space-resolved self-
reflectivity, PM focusing, and pre-plasma length mea-
surement. Section III presents corresponding results of
each measurement. Section IV presents particle-in-cell
(PIC) simulations, and discusses experimental and sim-
ulation results. Section V presents our conclusions.
II. EXPERIMENTAL SETUP
Experiments used the 30 terawatt Ti:sapphire Uni-
versity of Texas Tabletop Terawatt (UT3) laser system,
which delivered pulses of wavelength λ = 810 nm, dura-
tion τFWHM = 30 fs and energy up to 1 J to the PM.
A temporal pulse cleaner based on cross-polarized wave
(XPW) generation in barium fluoride (BaF2),
22 located
prior to the main amplifiers of the UT3 system, controlled
the fully amplified pulse’s peak-to-background contrast
ratio, a critical parameter in performance of a PM irra-
diated at relativistic intensity.
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FIG. 1. Scanning third-order autocorrelation traces of three
different temporal pre-pulse pedestals achieved by varying the
position of a BaF2 crystal relative to beam focus within an
XPW pulse cleaner. Inset: pedestal profile that optimized
PM performance at relativistic peak intensity. Blue square
(red circle) indicates estimated onset9 (1014 W/cm2) of pre-
plasma formation for peak intensity 1018 (1019) W/cm2.
The main panel of Fig. 1 shows three third-order
autocorrelation23 measurements of a pre-pulse pedestal
of the fully amplified UT3 pulse that was ∼ 104× less
intense than the peak. Onset of this pedestal was var-
ied from 40 to ∼ 1 ps before the peak by adjusting in-
tensity in the BaF2 crystal in the XPW pulse cleaner.
With peak intensity I0 >∼ 1018 W/cm2 on target, this
pedestal became sufficiently intense (>∼ 1014 W/cm2) to
pre-expand the PM surface.9 Adjustment of the pedestal
duration enabled control of the pre-plasma scale length
L, which in turn strongly influenced PM reflectivity, fo-
cal length and optical quality. The inset of Fig. 1 shows
a pedestal profile that yielded the most reflective and
strongly focusing PM at relativistic intensity of those
investigated, and that proved stable in day-to-day op-
eration of the UT3 system. We therefore used it for
all measurements presented below. We can estimate L
from this pre-pulse profile and previous measurements9
of plasma expansion speed Cs of fs-laser-excited targets.
Adumi et al.9 measured Cs ≈ 100µm/ns for aluminum
targets excited by an ultrashort pre-pulse of intensity
1015 W/cm2. We choose this intensity to take into ac-
count plasma heating by pedestal light following the time
t at which the pedestal reaches the pre-plasma“trigger”
threshold ∼ 1014 W/cm2, marked in Fig. 1 (inset) by
a blue square (red circle) for peak intensity I0 = 10
18
(1019) W/cm2. Using this Cs value for our SiO2 targets
yields L ≈ Cs|t| ≈ 1.5(2)µm for I0 = 1018 (1019) W/cm2.
For I0 = 10
17 W/cm2, the trigger threshold is reached at
t ≈ −2 ps (10−3 contrast), yielding L ≈ 0.2µm.
Fig. 2 shows the target chamber setup for four types
of PM measurements. For time-resolved PM reflectivity
measurements [Fig.2(a)], a probe pulse was split from the
main pump pulse, frequency-doubled, and propagated to
the target through a variable delay line (not shown). The
main pulse entered the chamber with a rounded top-hat
transverse spatial profile with 99% of its energy within a
∼ 5cm diameter. A gold-coated off-axis parabolic mir-
ror (f = 60 cm) focused it with f/12 onto the PM
target with incidence angle 4◦, p-polarization, Strehl ra-
tio > 0.5. Direct imaging of the vacuum focus yielded
an intensity profile of diameter wFWHM = 11 ± 1µm,
which for a Gaussian profile implies 1/e field profile ra-
dius w0 = wFWHM/
√
2 ln 2 = 10 ± 1µm and peak inten-
sity up to ∼ 1019 W/cm2 (a0 ≈ 2). The uncertainties
indicate rms shot-to-shot fluctuations and spatial asym-
metry. Here the dimensionless laser strength parameter
a0 = eE0/mcω is the ratio of the momentum eE0/ω per
optical cycle that the laser field E0 (frequency ω) imparts
to an electron (charge e, mass m) to mc; thus a0 ≥ 1 de-
fines the relativistic excitation regime.
Lens L1 (f = 1 m) focused the 50 fs, 5-mm-diameter
incident probe to wFWHM ∼ 100µm onto the PM sur-
face colinearly with, and polarized orthogonally to, the
pump, and overlapping the pumped region. After the
probe reflected from the PM, a second reflection from
wedge W1 directed a portion of it to imaging system L2-
L3-O. Single-shot calorimeter (E) measured probe energy
transmitted through the wedge, and was used to calibrate
absolute reflectivity (5%) of the unpumped PM. With the
probe blocked, calorimeter E also measured space-time-
integrated self-reflectivity of the main 800 nm pulse with
f/3 acceptance cone.
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FIG. 2. Schematic experimental setup for four types of PM measurements. (a) Time- and space-resolved PM reflectivity:
blue (red) line shows path of 400-nm probe (800-nm main) beam. (b) Time-integrated, space-resolved PM reflectivity: black
line shows optical path of reflected and transmitted 800 nm beam through the imaging system. (c) Relativistic PM focusing:
black dashed lines show paths of reflected 800 nm beam through two separate imaging systems that measured far-field beam
divergence and focused beam profile near PM surface. (d) Pre-plasma characterization via transverse interferometery. Key to
abbreviations: BP = bandpass filter, CCD = charge-coupled device camera, E = energy meter, FM = flip mirror, L = lens, O
= objective lens (20×), P = polarizer, PM = plasma mirror, Spectro = spectrometer, W = wedge. Focal lengths of lenses are
1.0 m (L1), 0.375 m (L2-L4), 0.2 m (L5), 0.1 m (L6). Red double arrow (blue circled dot) indicates pump (probe) polarization.
For space-resolved PM reflectivity measurements,
lenses L2, L3, and O relay-imaged the reflected probe
[Fig.2(a)] or main beam [Fig.2(b)] from the PM surface
to a 12-bit CCD camera on separate shots through 400
or 800 nm bandpass filters and orthogonally-oriented 400
or 800 nm polarization analyzers. The longitudinal posi-
tion of L2 was adjusted to optimize imaging. The f/12
acceptance cone of L2 sufficed to collect nearly all re-
flected light at sub-relativistic pump intensity. At higher
pump intensity, however, some reflected light diverged
beyond its perimeter, as discussed in Sections III and
IV. To image the profile of the focused main beam inci-
dent on the PM surface, the PM was removed, and wedge
W2 and lens L4 (identical to W1 and L2, respectively)
were inserted along with flip mirror FM [see Fig. 2(b)].
The longitudinal position of L4 was adjusted to image
the incident profile at the PM plane to the same CCD,
with the same magnification, as the reflected profile. The
ratio of these images yielded absolute space-resolved self-
reflectivity. In the pump-probe configuration [Fig.2(a)],
ratios of probe images with and without the main beam
at various pump-probe delays similarly yielded absolute
time- and space-resolved reflectivity.
To image the profile of reflected light immediately in
front of the PM [Fig. 2(c)], wedge W, located 10 cm from
the PM, directed ∼ 1% of reflected energy through lens
L5 (f = 20 cm, f/5), a chamber window, and objective
lens O onto a 12-bit CCD camera. The longitudinal po-
sition of O was adjusted to image reflected beam profiles
immediately in front of the PM surface to characterize
near-field focusing by its dented surface. The L5-O mi-
croscope imaged transverse profiles with ∼ 2µm resolu-
tion, and determined image plane position x above the
PM surface to within ±5µm.
The part of the beam transmitted through wedge W
was projected onto a white screen, which lens L6 (f = 10
cm) imaged onto another 12-bit CCD camera. Changes
in the far-field divergence of the reflected beam were then
correlated with changes in its near-field focusing.
A transverse interferometer [Fig. 2(d)] was used to
characterize the pre-plasma density profile ne(x) at dis-
tance x above the PM. It is described further in the Sup-
plementary Material.
III. EXPERIMENTAL RESULTS
A. Pump-probe PM reflectivity measurements
Figure 3 presents images of the probe pulse spatial pro-
file as it reflected from the PM at time delays t = −0.5
(b, f), 0 (c, g) and 1 ps (d, h) from the peak of the main
pulse, which was focused to peak intensity 1017 W/cm2
(top row) or 5 × 1018 W/cm2 (bottom row). Panels
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FIG. 3. Time-resolved spatial intensity profiles of 50 fs, 400 nm probe pulse as it reflects from PM without a pump pulse (a),
(e), and at various time delays t with respect to the peak of a 30 fs, 800 nm pump pulse of intensity 1017 W/cm2 (top row) or
5× 1018 W/cm2 (bottom row): (b), (f) t = −0.5 ps; (c), (g) t = 0 ps; (d), (h) t = 1 ps.
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FIG. 4. Measured reflectivity of 50 fs, 400 nm probe pulse from center of photo-excited spot of PM vs. time delay ∆t after
excitation, for pump intensities (a) 1016 ≤ I0 ≤ 8× 1017 W/cm2 and (b) I0 > 1018 W/cm2. Filled black circles: 2D simulation
of fraction of probe energy reflected into a 45 mrad cone at seven ∆t after exciting PM (L = 2µm) at I0 = 5 × 1018 W/cm2;
green triangles: total probe reflectivity vs. ∆t. (c) Conceptual picture of evolving PM and probe reflectivity during and after
pump excitation. Light blue: reflected probe trajectory; light grey: pre-plasma density profile; orange: overdense plasma.
(a, e) show probe reflectivity from the un-pumped PM.
For both pump intensities, PM reflectivity rose already
by t = −0.5 ps (b, f). However, the reflected profiles
evolved differently over the interval −0.5 < t < 1 ps.
At 1017 W/cm2, probe reflectivity rose initially (b) to
50% within a 10µm diameter region, an imprint of the
focused pump pulse profile. By t = 0 ps (c), this region
grew to 50µm diameter with 70% reflectivity. Finally, at
t = 1 ps (d), the reflective region grew to the diameter
of the probe (∼ 100µm), with modulations attributable
to uneven plasma expansion. In contrast, at 5 × 1018
W/cm2, central reflectivity was already 80% at t = −0.5
ps (f), and the reflective region was 20µm in diameter.
By t = 0 ps (g), the reflective region expanded, but a hole
appeared in the center, forming a reflective ring with 70%
reflectivity. The low central reflectivity was still visible
at t = 1ps delay (h), but recovered shortly thereafter.
Figure 4 shows time-resolved reflectivity at the cen-
tral, directly photo-excited spot on the probe profile
for eight different pump intensities. For pump inten-
5sities I0 < 10
18W/cm2 [Fig. 4(a)], probe reflectivity
reached a maximum at times in the range −0.5 < t < 0
ps, then decayed monotonically over several ps. For
I0 > 10
18W/cm2 [Fig. 4(b)], probe reflectivity rose to
a first maximum at t ∼ −0.5 ps, then dropped sharply
near t = 0 ps, a temporal “hole” that corresponds to the
hole in the probe spatial profile shown in Fig. 3(g). Cen-
ter reflectivity then recovered, reaching a second maxi-
mum at t >∼ 1 ps before decaying again over several ps
as the plasma expanded further. This transient spatial-
temporal hole results from ultrafast changes in PM cur-
vature, as shown in Fig. 4(c) and discussed in Sec. IV.
At I0 = 8× 1018 W/cm2, PM reflectivity began rising
at t ∼ −1 ps [Fig. 4(b)]. From the temporal contrast
at t = −1 ps in the inset of Fig. 1 (∼ 5 × 10−4), this
corresponds to threshold intensity ∼ 5 × 1014 W/cm2
(fluence ∼ 10 J/cm2), in good agreement with thresholds
for high reflectivity reported in previous PM studies.2,3
For 1 <∼ I0 <∼ 8 × 1018 W/cm2, this threshold occurs
only ∼ 0.1ps later because of the steep rising edge of the
main pulse (Fig. 1, inset), consistent with the onset of
reflectivity rise at these intensities shown in Fig. 4(b).
B. Time-integrated PM reflectivity measurements
Fig. 5 presents results of two measurements of
intensity-dependent self-reflectivity of the 800 nm pump
pulse from the PM: (i) space-resolved reflectivity of the
intense center of the reflected pump profile (red circles),
measured using the L2-L3-O telescope with f/12 collec-
tion cone [Fig. 2(b)]; (ii) space-integrated reflectivity of
the entire pump profile (filled black squares), measured
using calorimeter E with f/3 collection cone [Fig. 2(b)].
For comparison, reflectivity at t = 0 at the pump-
irradiated center of the probe profile, also measured us-
ing the L2-L3-O telescope, is plotted (red crosses) for
I0 > 3 × 1017 W/cm2. The last measurements agreed
closely with the space-resolved self-reflectivity measure-
ments, even though the probe was frequency-doubled.
Below we refer to these two sets of measurements jointly
as “space-resolved reflectivity”. The blue curves are sim-
ulation results, discussed in Sec. IV.
For pump intensities in the range 1016 to 1017 W/cm2,
space-integrated and space-resolved reflectivity measure-
ments both yielded 60 to 80% reflectivity. From 1017
to ∼ 1018 W/cm2, space-integrated calorimeter measure-
ments (black squares) yielded ∼ 80% reflectivity, whereas
as space-resolved measurements yielded 90 to 100% re-
flectivity. The lower space-integrated value in this range
is straightforwardly explained if ∼ 20% of the pump pulse
energy lay outside the central focus and failed to reach
a threshold intensity needed to create a highly reflec-
tive overdense plasma.2,3 Space-resolved measurements,
in contrast, pre-selected this highly reflective region. For
relativistic pump intensities > 1018 W/cm2, on the other
hand, the wide (f/3) cone calorimeter measurements
(black squares) yielded much higher reflectivity: ∼ 80%
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FIG. 5. Reflectivity of PM vs. incident pump intensity I0.
Red circles (crosses): pump self-reflectivity (probe reflectivity
at t = 0) at intense center of pump profile, measured through
telescope with f/12 collection cone; black squares: integrated
self-reflectivity of entire pump pulse, measured with calorime-
ter with f/3 collection cone; blue curves: simulated net PM
reflectivity, assuming pre-plasma layer of thickness L = 0.5µm
(dashed), 1 µm (dotted), 2µm (solid), or 5µm (dot-dashed).
The time-integrated data (filled black squares, red circles) for
I0 > 10
17 W/cm2 and a preliminary version of the simulations
for L = 0.5, 1.0µm (blue dashed, dotted curves) were included
in Fig. 6 of Ref. 11, and are repeated here for completeness.
up to 2 × 1018 W/cm2, dropping gradually to ∼ 60%
as intensity increased to 5 × 1018 W/cm2. In contrast,
reflectivity from narrow (f/12) cone, space-resolved mea-
surements (red circles, crosses) drop steeply to < 10% at
5 × 1018 W/cm2. This discrepancy could be explained
either by strong absorption localized in the intense cen-
ter of the pulse profile, or by defocusing of the reflected
pulse outside the f/12 collection cone due to curvature
of the PM surface. In Sec. IV, we discuss these options
in the context of other measurements, and simulations.
C. PM focusing measurements
Panels (a)-(c) of Fig. 6 show transverse spatial pro-
files of the 800 nm pump pulse, imaged through the L5-
O telescope in Fig. 2(c), at distances (a) 0, (b) 30 and
(c) 60µm above the PM surface after reflecting from it
at intensity 5 × 1018 W/cm2. The profiles, obtained on
separate shots with different longitudinal positions of ob-
jective O, have average FWHM (a) 14µm, (b) 7µm and
(c) 18µm, showing that the reflected pump converged to
a focus at x ∼ 30µm, then diverged at larger x. Fig. 6(d)
plots the results of a larger set of FWHM measurements
over the range 0 < x < 100µm, distinguishing FWHM
orthogonal (“vertical”) and parallel (“horizontal”) to the
plane of incidence. The convergence (0 < x < 30µm)
and divergence (30 < x < 60µm) of the near-field focus
roughly match those of an f/1-focused Gaussian beam
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FIG. 6. Focusing of relativistically intense (6× 1018 W/cm2)
laser pulse by concave PM. Top row: spatial profiles of re-
flected pulse at distances x = (a) 0, (b) 30 and (c) 60µm
above PM surface. (d) Plot of FWHM of reflected pulse along
two orthogonal axes vs. x. Error bars indicate rms shot-to-
shot fluctuations. Curves show wFWHM(x) for various Gaus-
sian beams: f/1 focus with wFWHM(x = 0) = 11µm at PM
surface (red dashed); f/7.7 focus with wFWHM(x = 30µm) =
7µm (green dotted); 42 mad divergence, fit to data points at
x = 75, 100µm (green dot-dashed). The last two curves cor-
respond to measured far-field divergence at 6× 1018 W/cm2.
of diameter wFWHM(x = 0) = 11µm at the PM surface
(red dashed curve). Measured wFWHM(x), however, are
larger than those of such an ideal Gaussian beam because
of limited imaging resolution, uncertainty of the object
plane of the L5-O imaging system, and non-Gaussian fea-
tures of the focusing beam, as discussed in Sec. IV.
Figure 7 presents corresponding measurements of far-
field divergence of pump pulses reflected from the PM.
Images (a)-(g) show transverse profiles of reflected pulses
far from the PM as I0 increased. Vertical (horizontal)
axis lies orthogonal (parallel) to the plane of incidence.
Reflected profiles coincided with low-intensity profiles for
I0 up to ∼ 7×1017 W/cm2 [Fig. 7(a)], started expanding
as I0 approached 10
18 W/cm2 [Fig.7(b)], and continued
at higher I0 [Fig. 7(c)-(g)].
Fig. 7(h) plots the far-field f# of the reflected beam —
i.e. the ratio of PM-screen distance to vertical/horizontal
diameters of an ellipse enclosing 99% of the energy of far-
field profile — vs. I0. For I0 up to ∼ 7×1017 W/cm2, f#
remained constant at ∼ 12 (divergence half-angle θ ∼ 27
mrad) — equivalent to the incident focus (Fig. 7(h), solid
blue line) — then dropped to ∼ 7 (θ ∼ 45 mrad) as I0
approached 1019 W/cm2. The measured far-field f/7.7
(θ = 42 mrad) at I0 = 6× 1018 W/cm2 (red data points
in Fig. 7(h)) would correspond to Gaussian beam waist
wFWHM =
√
2ln2(f#λ) ≈ 7µm, coincidentally equal to
the measured waist wFWHM(x = 30µm) in Fig. 6(d).
However, this apparent agreement is fortuitous because
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FIG. 7. Top row: Far-field spatial profiles of pump pulse after
reflecting from PM at intensity (a) .084, (b) 0.9, (c) 1.7, (d)
4.0, (e) 6.0, (f) 7.5, and (g) 12 × 1018 W/cm2. Panel (h)
plots far-field f# and divergence θ = 1/pif# of reflected s- and
p-polarized pulses. Red data points correspond to conditions
of Fig. 6. Error bars denote rms shot-to-shot fluctuations.
Blue solid line: f# of incident beam; blue dashed line: linear
fit to measured divergence for I > 1018 W/cm2.
an f/7.7 beam would have diverged much more gradually
in the near field than observed (Fig. 6(d), dotted green
curve). The more gradual beam expansion observed for
x > 80µm (Fig. 6(d)) may indicate a transition from
near- to far-field divergence. Evidently at relativistic
intensity the reflected near- and far-field focus profiles
shown in Figs. 6 and 7, respectively, originate from sepa-
rate components of the reflected beam. The properties of
one cannot be inferred from the other. Taken together,
these measurements demonstrate that the PM becomes
a concave, albeit spherically aberrated, focusing mirror
with intensity-dependent focal lengths when excited in
the range 1018 to 1019 W/cm2.
D. PM preplasma characterization
Transverse interferometry measurements used a probe
pulse propagating along the PM surface [Fig. 2(d)] that
crossed the path of the pump pulse 0.3 ps before its peak.
The interferometer was sensitive to plasmas of density
ne >∼ 1018 cm−3 of scale length L >∼ 5µm. However, no
pre-plasma was detected up to I0 ∼ 1019 W/cm2). This
null result places an upper limit L < 5µm on pre-plasma
length. The Supplementary Material shows a transverse
interferogram at I0 = 6× 1018 W/cm2.
7IV. SIMULATIONS AND DISCUSSION
To help understand the experimental results in Figs. 3-
7, we performed simulations using the multi-dimensional,
fully electromagnetic, relativistic PIC code EPOCH.24
The simulations aimed to quantify how much the PM
absorbed and focused the laser pulse as incident intensity
I0, pre-plasma length L and time delay ∆t varied. For
2D simulations, a y-polarized laser pulse with λ = 800nm
and Gaussian transverse profile a0e
−y2/w20 impinged on
the PM along the x-axis with w0 = 10µm, duration
τFWHM = 30 fs. The simulation box in the (x, y)-plane
was 170 × 100µm, with 9600 × 5000 cells, respectively.
To simulate time-resolved reflectivity (Fig. 4), frequency-
doubled probe pulses with w0 = 25µm, τFWHM = 30
fs and a0 ∼ .01 co-propagated with the pump at se-
lected ∆t. For 3D simulations, we used a fully Gaussian
pulse a0e
−(y2+z2)/w20 of the same w0 and τFWHM in a
40× 30× 30µm domain (1700× 300× 300 cells).
To simplify the simulations, we assumed a pre-ionized
PM with fixed pre-plasma of exponential form
ne(x) =
{
50ncrit exp[(x− x0)/L], for x ≤ x0
50ncrit, for x > x0.
This profile mimicked the effect of a pre-pulse on a PM
with initially sharp boundary at x = 0. As the pre-
plasma expanded to length L in front of the target, the
unperturbed boundary receded to x0 to satisfy mass con-
servation. Ionization levels were set to those that would
be achieved by tunneling ionization in a laser field with
intensity > 1017 W/cm2. Inside the unperturbed part of
the mirror (x > x0), this led to ne = 50ncrit, where ncrit
is the classical critical density for λ = 800nm light. No
additional ionization took place during the simulations.
For 2D simulations, we used 15 Silicon (Z=12), 15 Oxy-
gen (Z=6), and 50 electron macroparticles per cell. For
3D simulations, we used 4 ions (of each species) and 10
electrons per cell. We checked the validity of the latter
resolution by rerunning 2D simulations with the same pa-
rameters, and confirming that the main results (reflected
pulse amplitude, PM focal length) were unchanged.
A. PM absorption
1. Absorption mechanisms
Absorption of laser energy by the PM is the only source
of net reflectivity decrease. At sub-relativistic intensity,
the laser pulse loses energy mainly through target ioniza-
tion and electron collisions in the resulting plasma. We
did not simulate ionization losses here, since we assumed
pre-ionized plasma, but we estimate them to be < 1%
by taking into account the ionization thresholds, den-
sity and volume of ionized target atoms. At relativistic
intensity, the pulse loses energy mainly by exciting lon-
gitudinal electron motion in an amount determined by
the interaction length (see Ref. 25 and references therein
for a full discussion). We calculated net reflectivity by
taking the ratio of the total energy in the reflected pulse
to the total energy in the incoming laser pulse.
2. Simulated and measured absorption
The blue curves in Fig. 5 show results of 2D PIC simu-
lations of net reflectivity for pre-plasmas with L = 0.5µm
(dashed), 1µm (dotted), 2µm (solid) and 5µm (dot-
dashed). For I0 < 5 × 1017 W/cm2, the first three sim-
ulations yielded ∼ 100% reflectivity. This agrees with
near unity reflectivity observed in space-resolved mea-
surements for 1017 < I0 < 5 × 1017 W/cm2 (Fig. 5,
red circles and crosses). The growth in net reflectivity
observed from 1016 to 1017 W/cm2 can be attributed
to the growing transverse size of the highly reflective
plasma, an effect not included in the simulations since
we assumed pre-ionized plasma. Thus the measured 80%
spatially-integrated net reflectivity observed for 1017 <
I0 < 5 × 1017 W/cm2 (Fig. 5, filled black squares) must
be attributed to 20% of the pulse energy residing in non-
Gaussian wings or side lobes that fail to create an over-
dense plasma, also an un-simulated effect.
For I0 >∼ 5 × 1017 W/cm2, the simulations showed
substantial absorption A that increased monotonically
with I0 and L. For the highest intensity (5 × 1018
W/cm2) at which net reflectivity R = 1 − A was mea-
sured (R ∼ 0.65), simulations for L = 0.5, 1, 2 and 5µm
yielded R = 0.91, 0.68, 0.59 and 0.31, respectively. As
expected,25 A was greater for longer pre-plasmas.
Since the simulated reflectivity in Fig. 5 does not in-
clude effects of finite spot size or defocusing of reflected
light that infect some of the reflectivity data, the sim-
ulations should be compared with those subsets of the
data that best avoid these artifacts. This choice depends
on the I0 range. Data in the range 10
16 <∼ I0 <∼ 1017
W/cm2 should be neglected for this comparison, since
the growing size of the overdense plasma within the fo-
cused laser spot dominates the observed reflectivity. For
1017 <∼ I0 <∼ 5 × 1017 W/cm2, space-resolved reflectivity
measurements (Fig. 5, red circles, crosses) best represent
simulated reflectivity, since they avoid the low-R contri-
bution from the spatial wings of the incident pulse, yet
defocusing of reflected light out of the f/12 collection cone
is not yet strong. For I0 >∼ 5×1017 W/cm2, on the other
hand, space-integrated reflectivity measurements (Fig. 5,
filled black squares) best represent simulated reflectiv-
ity, since the overdense plasma has grown to include the
wings of the focused spot, while the wide f/3 collection
cone avoids loss of defocused light.
Using these criteria, the simulation with L = 2 µm
agreed best with space-resolved reflectivity measure-
ments for 1017 <∼ I0 <∼ 5× 1017 W/cm2, and with space-
integrated reflectivity measurements for I0 >∼ 5 × 1017
W/cm2. This L is also close to the value estimated
for 1018 < I0 < 10
19 W/cm2 from pre-pulse charac-
8terization (Fig. 1, inset) and plasma expansion speed
measurements9 (see Sec. II), and is consistent with inter-
ferometry measurement placing an upper limit L < 5µm
(see Sec. III.D). Taken together, these three lines of
evidence all independently point to L ≈ 2µm as the
pre-plasma scale length that prevails for our PM mea-
surements at relativistic intensity. On the other hand,
simulated absorption, even for L = 5µm, falls well
short of explaining the ∼ 10% reflectivity observed for
3 < I0 < 5 × 1018 W/cm2 from spatially-resolved mea-
surements (Fig. 5, red circles and crosses). We must
therefore attribute the latter result to defocusing of the
reflected light out of the f/12 microscope collection cone.
B. PM focusing
1. Focusing mechanisms
A PM irradiated at relativistic intensity focuses the
reflected pulse via three mechanisms. First, the incident
pulse induces relativistic transparency by wiggling tar-
get electrons at near light speed c, causing a decrease
ω2p → ω2p/γ in the effective plasma frequency, where
γ =
√
1 + a20. Consequently the plasma’s reflecting crit-
ical surface dents, independently of the electron density
profile itself. Energy stored temporarily in transverse
electron quiver motion can return to the reflected pulse,
resulting in focusing without absorption. Second, pon-
deromotive pressure of the incident pulse pushes tar-
get electrons inward until balanced by outward thermal
pressure, denting the electron density profile. Energy
expended in moving these electrons is not returned to
the reflected pulse, and is thus absorbed. Third, the
pulse can relativistically self-focus in the under-dense
pre-plasma without absorption. Absorption observed for
I0 >∼ 5 × 1017 W/cm2 (a0 >∼ 0.5) indicates that den-
sity denting contributes significantly to focusing at these
intensities. However, all three mechanisms likely con-
tribute. In the Supplementary Material, we present an
example of simulated focusing by a PM with L = 2µm —
ten times the estimated experimental L at this intensity
(see Sec. II) — irradiated at I0 = 10
17 W/cm2, condi-
tions for which absorption and density denting are neg-
ligible. The simulated focal length (f ≈ 100µm) agrees
with an analytic estimate of focusing due to relativistic
transparency alone, illustrating PM focusing by a sin-
gle dominant mechanism. In the following simulations,
however, we do not attempt to distinguish the relative
contributions of different focusing mechanisms.
2. Simulated focusing: ≥ 1018 W/cm2 PM excitation
Figure 8 shows a 2D PIC simulation of (a) a pulse
incident on a PM with I0 = 3 × 1018 W/cm2, w0 =
10µm, τFWHM = 30 fs, (b) the reflected pulse profile at
its focus (x ≈ −40µm), defined as the point where its
peak electric field (intensity) reached a maximum value
Emax = 1.76E0 (Imax = 3.1I0), and (c) the PM electron
density profile at the moment of reflection, which was
noticeably dented. The PM reflected 62% of the incident
pulse energy, consistent with the solid blue curve and
black square data points in Fig. 5. The reflected pulse
focused to waist 0.08w0, duration 1.2τFWHM.
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FIG. 8. 2D PIC simulations of (a) incident pulse of peak
intensity I0 = 3×1018, peak field E0, w0 = 10µm, (b) reflected
pulse at focus (x ≈ −40µm) and (c) PM electron density
profile at reflection. Pre-plasma length was L = 2 µm. The
normalized peak focused reflected field is (E/E0)max = 1.75.
This 2D simulation underestimated focused intensity
of the reflected pulse because light converged to a line
instead of a point. To correct this, we carried out a 3D
simulation (Fig. 9) in which a pulse with transverse pro-
file a0e
−(y2+z2)/w20 impinged on the PM with the same in-
cident pulse (w0 = 10µm, τFWHM = 30 fs, I0 = 3× 1018
W/cm2 ) and pre-plasma (L = 2µm) parameters as in
the 2D simulation. The PM reflected 60% of the pulse
energy. Although the smallest beam waist (0.09w0) was
observed at x ≈ −25µm (Fig. 9b, right panel), this spot
contained only a small fraction of the reflected pulse en-
ergy. The highest focused field (Emax/E0 = 3.12) and
highest intensity (9.7I0) were observed at x ≈ −45µm
(Fig. 9b, center panel), where the beam waist was 0.13w0.
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FIG. 9. 3D PIC simulation of normalized electric field ampli-
tude E(x, y, z)/E0 of pulse reflected from PM with pre-plasma
length L = 2µm. Incident pulse parameters: w0 = 10µm
(dashed white circle in (b)), I0 = 3 × 1018 W/cm2. (a)
Schematic focused profile of reflected pulse, showing three lo-
cations (dashed lines) for which field profiles are displayed; (b)
transverse E(y, z)/E0 and (c) longitudinal E(y, x)/E0 field
profiles at each of three distances x from the PM.
This example shows that 2D and 3D simulations yielded
similar R and f , but that 2D simulations underestimated
focused field strength (intensity) by approximately a fac-
tor of 1.8 (3.2). In addition, the 3D simulation yielded
a 50% larger focal spot and a more longitudinally ex-
tended focal region, indications that the PM’s spherical
aberration was more pronounced in the 3D simulation.
We performed 2D simulations of the reflectivity of a
400 nm probe pulse at time delays −0.25 < ∆t < 1.25
ps after 800 nm pump excitation of the PM at 5 × 1018
W/cm2, assuming L = 2µm. Filled circles in Fig. 4(b)
show the portion of the reflected probe pulse energy con-
tained within a 45 mrad cone angle, mimicking the angle
of the probe collection lens. For comparison, the green
triangles show the total probe energy reflected at all an-
gles. Whereas the latter remains > 0.9 throughout the
simulated interval, the simulated restricted-angle reflec-
tivity qualitatively mimics observed reflectivity dynam-
ics: an initial drop from 0.97 (∆t = 0) to 0.75 (∆t = 0.5
ps), followed by partial recovery to 0.85 (∆t = 0.75 ps),
then a steep drop at later times.
Fig. 4(c) conceptually explains observed and simulated
probe reflectivity dynamical trends. Initially (∆t <∼ 0)
overdense plasma forms over the entire probe focal spot,
with minimal curvature of the reflecting surface. Thus
the probe reflects nearly totally into an f/12 probe collec-
tion cone. As the reflecting surface dents (0 < ∆t < 0.5
ps), although total probe reflectivity remains high, a sig-
nificant fraction of the probe energy focuses tightly in
the near field, and thus diverges beyond the probe col-
lection lens in the far field. Because the simulation is
2D, the simulated reflectivity drop is less pronounced
than in the 3D experiment. The partial recovery ob-
served for 0.5 < ∆t < 1 ps can be attributed to widening
and shallowing of the curved reflecting surface, decreas-
ing far-field probe divergence, while total probe reflectiv-
ity remains high. The final drop in probe reflectivity for
∆t > 1 ps can be attributed in part to increased absorp-
tion as the pre-plasma lengthens, and in part to increased
scatter as the critical surface ripples.
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FIG. 10. Variation with pre-plasma length L of PM optical
properties: (a) reflectivity, (b) focal length f and (c) intensity
enhancement Ifocus/I0 at focus, for incident intensity 10
18
(blue squares) and 1019 W/cm2 (red circles), derived from
2D PIC simulations. Dashed curves are guides to the eye.
Ifocus/I0 values in (c) underestimate 3D values by ∼ 3×.
3. Preplasma scaling of PM optical properties
So far we have discussed PM optical properties only
for pre-plasma length L = 2µm. Here we vary L in simu-
lations to validate the optimum L found experimentally,
and to predict a wide range of relativistic PM properties
to be expected in future experiments.
Fig. 10 plots 2D PIC simulation results for (a) angle-
integrated reflectivity, (b) focal length f , and (c) inten-
sity increase Ifocus/I0 at focus vs. L (0.5 ≤ L ≤ 3µm)
for PMs excited at I0 = 10
18 (blue squares) and 1019
W/cm2 (red circles). At both I0, total reflectivity drops
steeply for L >∼ 0.5µm [Fig. 10(a)] as the incident pulse
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expends more and more energy denting the surface. Si-
multaneously f decreases monotonically from f ∼ 90µm
at L = 0.5µm to f ∼ 25µm at L = 3µm [Fig. 10(b)].
Accompanying this tighter focus, Ifocus/I0 grows up to
L = 2(1)µm at 1018 (1019) W/cm2 [Fig. 10(c)]. At larger
L, however, Ifocus/I0 drops sharply. Increasing absorp-
tion, which is responsible for the drop in integrated re-
flectivity for L > 1µm [see panel (a)], accounts for much
of this drop. Aberration and scatter of the reflected
beam, which become pronounced for L ≥ 2µm, accounts
for the remainder. The results in Fig. 10 confirm that
1 < L < 2µm is an optimum pre-plasma scale length
for relativistic PMs in experiments aimed at maximizing
focused intensity close to the PM. 3D Ifocus/I0 values
exceed those plotted in Fig. 10(c) by a factor of ∼ 3, as
discussed in the previous section. Plotted f and reflec-
tivity values, however, accurately represent 3D values.
Thus, with an optimized relativistic PM, Ifocus can ex-
ceed 10I0 at distances as close as ∼ 25µm from the PM.
With shorter L, Focal lengths as large as ∼ 60µm can
be achieved with only two-fold smaller Ifocus/I0. Focal
lengths shorter than ∼ 25µm, however, appear unachiev-
able without severe losses.
4. Application of focusing PM to Compton backscatter
In Ref. 11, we speculated that a PM placed at the exit
of a LPA could focus a spent LPA drive pulse of a0 > 1
onto trailing electrons, if PM focal length f <∼ Rb. Here
Rb is the plasma bubble radius, which for stable self-
guided propagation is26 Rb ≈ λp√a0/pi, where λp is the
plasma wavelength. Since electrons inject into the back
of a bubble (x = 2Rb behind the drive pulse) and ac-
celerate toward its center (x = Rb), backscatter occurs
in the range Rb/2 < x < Rb, depending on how closely
accelerating electrons approach the dephasing limit. PM
retro-reflection is self-aligning and efficiently re-cycles the
LPA drive pulse,10,11 avoiding the need for a separate
intense backscatter pulse. Focusing the retro-reflected
drive pulse onto the electrons opens the additional possi-
bility of backscattering at a0 >> 1 without the challenges
of aligning and synchronizing a separate tightly focused
laser pulse, opening the nonlinear Compton regime.27
In this regime, Compton x-rays (γ-rays) are brighter
and higher in photon energy (Eγ ≈ 4γ2ehνla0) than for
a0 < 1 (Eγ ≈ 4γ2ehνl),27 where γe is the electron Lorentz
factor, νl the laser frequency. For the terawatt-laser-
driven, high-density (ne > 10
19 cm−3) accelerators stud-
ied in Refs.10,11, a0 ∼ 1 (I0 ∼ 2 × 1018 W/cm2) at the
LPA exit,11 yielding f ∼ 40µm [see Fig. 10(b)], whereas
Rb ∼ 3µm << f . Thus the PM focused the laser pulse
well beyond trailing electrons, and intensity enhancement
at the point of backscatter was inconsequential. Recently,
however, LPAs that accelerate electrons to several GeV
by driving tenuous (ne < 10
18 cm−3) plasma with 0.3 -
0.6 PW laser pulses have been demonstrated.28,29 In this
regime, f ∼ Rb ∼ 25µm is achievable, and the present
results motivate brief comment on this possibility.
As a specific example, the experiment of Wang et al.28
used 0.6 PW, 150 fs, λ = 1.056µm (hνl = 1.17 eV)
laser pulses focused at f/50 into a He-filled cell, creat-
ing a 10 cm plasma column of density ne ≈ 5 × 1017
cm−3. These pulses blew out plasma bubbles in which
∼ 60 pC self-injected electron bunches accelerated quasi-
monoenergetically to 2 GeV (γe ≈ 4000). The pulses
emerged from the cell through a mm exit aperture with
w0 ≈ Rb ≈ 25µm and a0 ∼ 3 (I0 ∼ 1019 W/cm2). The
2 GeV electrons exited the cell well before reaching the
dephasing limit,28 and thus propagated near the rear of
the bubble at distance x ≈ 2Rb behind the laser pulse.
Thus backscatter from a retroreflected drive pulse would
occur at x ≈ Rb ≈ 25µm, comparable to the shortest
f observed in this work [see Figs. 6, 8 and 10(b)]. We
thus anticipate backscatter from 2 GeV electrons with
a0 > 3, and possibly as large as ∼ 10, generating bright,
directional, fs γ-ray pulses of photon energy Eγ ≈ 75a0
MeV for space-time-resolved nuclear science applications
using an inexpensive insertion device.
The studies of Refs. 10,11 angled the PM ∼ 4◦ off
normal incidence to avoid retro-reflecting directly into
the laser amplifier chain. To take full advantage of PM
focusing, however, the spent pulse must retro-reflect at
<∼ λ/2f (<∼ 1◦) from the PM normal. Several features
of GeV-class LPAs may mitigate the dangers of near-
direct retro-reflection compared to MeV LPAs. First, as
the results of Sec. III.C show, most retro-reflected light
diverges strongly. Secondly, the mm-diameter plasma cell
entrance aperture is ∼ 10 cm from the PM, compared
to ∼ 3 mm in the MeV LPAs studied in Refs. 10,11,
and thus transmits a thousand-fold smaller fraction of
back-reflected light. Finally, the ∼ 10 cm long plasma
column that the LPA drive pulse created defocuses back-
reflected light, further protecting the laser system. If the
hazards of small-angle retro-reflection can be managed,
focusing relativistic PMs are promising insertion devices
for converting GeV LPAs into Compton γ-ray sources.
V. CONCLUSION
We have presented an experimental-computational
study of the optical properties of plasma mirrors (PMs)
irradiated directly at near-normal incidence by high con-
trast 30 fs, 800nm laser pulses at intensities (fields
strengths) in the range 1018 ≤ I0 ≤ 1019 W/cm2 (0.68 ≤
a0 ≤ 2.15). We find that, as long as the intensity of
pre-pulses does not exceed ∼ 1014 W/cm2 sooner than
∼ 20 ps prior to the peak of the main pulse — thereby
limiting pre-plasma length L to ∼ 2µm — the relativis-
tic PM reflects 60 − 80% of incident light, while focus-
ing a significant fraction of reflected light to intensity as
high as ∼ 10I0 with focal length f as short as ∼ 25µm.
Inward denting of the target’s electron density profile
combines with relativistic transparency and self-focusing
in the pre-plasma to create a concave focusing mirror.
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Time-resolved reflectivity measurements show the rel-
ativistic PM’s focusing properties evolve on a ps time
scale. EPOCH simulations show that the optical prop-
erties of PMs irradiated in the range 1018 ≤ I0 ≤ 1019
W/cm2 depend strongly on L, which therefore provides
a key parameter for controlling them. Applications of
focusing relativistic PMs include generation of bright di-
rectional Compton γ-rays from GeV laser-plasma accel-
erators (LPAs) and coupling of LPA stages.
SUPPLEMENTARY MATERIAL
See Supplementary Material for transverse interferom-
etry measurements of the relativistic PM and simulated
PM focusing at excitation intensity 1017 W/cm2.
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